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Microwave Electrodynamics of Electron-Doped Cuprate Superconductors
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We report microwave cavity perturbation measurements of the temperature dependence of the
penetration depth, λ(T), and conductivity, σ(T) of Pr2−xCexCuO4−δ (PCCO) crystals, as well as
parallel-plate resonator measurements of λ(T) in PCCO thin films. Penetration depth measurements
are also presented for a Nd2−xCexCuO4−δ (NCCO) crystal. We find that ∆λ(T) has a power-law
behavior for T < Tc/3, and conclude that the electron-doped cuprate superconductors have nodes in
the superconducting gap. Furthermore, using the surface impedance, we have derived the real part
of the conductivity, σ1(T), below Tc and found a behavior similar to that observed in hole-doped
cuprates.
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Existing experimental data on the electron-doped
cuprate superconductors [1] have been interpreted as be-
ing consistent with an s-wave pairing state symmetry [2].
In particular, magnetic screening length measurements
versus temperature have been interpreted as showing
an activated behavior consistent with s-wave symmetry
[3–7], mainly with a large activation gap, 2∆(0)/kBTc >
4 [3–6]. This is in contrast to the predominantly d-wave
behavior widely observed in the hole-doped cuprates [8],
most conclusively demonstrated in phase-sensitive exper-
iments [9]. Raman scattering supports a d-wave symme-
try in the hole-doped cuprate superconductors [10] and
suggests s-wave in electron-doped cuprates [11]. Tun-
neling spectroscopy measurements have also been inter-
preted in the same manner [7,12,13]. A zero-bias conduc-
tance peak is expected for tunneling into the gap nodal
directions in d-wave superconductors due to the change
in sign of the order parameter on the Fermi surface, al-
lowing for the formation of Andreev bound states at the
Fermi energy [14]. Such a peak has been seen in such
superconductors as Y Ba2Cu3O7−δ (YBCO) [13], which
are known to have a dominant d-wave order parameter.
Until recently [15], no such peak was observed in the
electron-doped cuprates [7,13], consistent with an s-wave
symmetry for these materials.
Since there is no distinction between electron and hole
doping of the Hubbard model around half-filling [16,17],
one does not expect electron- and hole-doped cuprates
to have different pairing mechanisms and symmetries. In
this letter we present evidence for nodes in the excitation
spectrum, and by implication that the pairing state sym-
metry in the electron-doped cuprates is predominantly
d-wave. This evidence comes from temperature depen-
dent penetration depth measurements which, although
not able to singularly determine the pairing state sym-
metry, provide strong indications that there are an abun-
dance of low energy excitations in these materials.
The strongest data supporting s-wave symmetry has
come from temperature dependent measurements of the
magnetic screening length in NCCO [3–6]. However,
there were significant limitations of these experiments.
First, the paramagnetism present in the rare-earth ions
of these materials may have influenced the behavior of the
deduced penetration depth as a function of temperature,
and thus the determination of the pairing state symme-
try, as described by Cooper, et al. [18] and demonstrated
by Alff, et al. [7]. Secondly, the materials may not have
been studied to sufficiently low temperature to sort out
the influence of paramagnetism in the screening length
data [3–6]. Finally, the influence of paramagnetism on
the screening length measurement in those experiments
was strongest for the chosen orientation of the samples
and the rf field (Hrf ⊥ c-axis). In addition, some of the
samples were measured under conditions in which both a-
b plane and c-axis currents were stimulated. This results
in measurements of a weighted sum of λab and λc.
In this work we have addressed all of these concerns.
First, we studied Pr1.85Ce0.15CuO4−δ (PCCO), in which
the Pr ion has a much smaller, and less temperature de-
pendent, paramagnetism than that present in the pre-
viously studied NCCO [19]. Secondly, the orientation
(Hrf ‖ c) of the rf field in our microwave cavity is such
that only the Cu-O plane screening currents are stimu-
lated, making it possible to extract the intrinsic in-plane
penetration depth without having to account for c-axis
effects. This orientation also significantly reduces the ef-
fects of the RF paramagnetism on the screening length
measurements [19]. Finally, we did our measurements
down to 1.2 K, a significantly lower temperature than all
previous experiments. Other significant improvements to
our measurement technique are discussed elsewhere [20].
These improvements enable us to make measurements
of the temperature dependence of the penetration depth
more accurately and with fewer extrinsic influences than
before.
Measurements were done on both single crystals and
thin films of PCCO, and an NCCO single crystal. The di-
rectional solidification technique used to grow the single
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crystal samples, and their normal state physical proper-
ties, have been discussed elsewhere [21,22]. Typically, the
PCCO samples exhibited a mid-point transition temper-
ature of 19 K with a transition width of 1.5 K as deter-
mined by resistivity measurements, and residual normal
state resistivity values of about 60 µΩ-cm. A typical
crystal size was 1mm x 1mm x 30µm, sufficiently thin to
achieve homogeneous Ce-doping in the c-direction of the
crystal [23]. More than 20 crystals were measured during
the course of this work. The PCCO thin films, 400 nm
thick, were grown by pulsed laser deposition on LaAlO3
substrates [24].
Data will be presented from two different experimen-
tal techniques. The crystals were measured by the cav-
ity perturbation method in a superconducting cylindrical
niobium cavity operating in the TE011 mode at 9.6 GHz.
The sample is supported on a sapphire hot finger, and its
temperature can be elevated while the cavity remains at a
temperature of 1.2 K [25]. The experiment involves mea-
suring shifts in the resonant frequency, ∆ω(T), and the
quality factor, Q(T), of the system as the temperature of
the sample is varied [6]. This data can then be converted,
using the geometry factor, Γ, into the surface resistance,
RS , and change in the penetration depth, ∆λ(T), as a
function of the temperature using the following relation-
ships: ∆λ(T ) = (2Γ/µoω
2)(∆ωexp(T ) − ∆ωbck(T )) and
Rs(T) = Γ(1/Qexp(T )−1/Qbck(T )), where ∆ωexp(T) and
Qexp(T) are the frequency shift and quality factor with
the sample present, and ∆ωbck(T) and Qbck(T) are the
background frequency shift and quality factor. In order
to reduce noise in the data, averaging of the transmis-
sion response of the cavity was performed, and two mea-
surements were made at each temperature in a sweep.
Approximately five sweeps would be taken in immediate
succession to perform further averaging and to determine
a standard deviation for each data point. This standard
deviation is represented by the error bars in the figures,
although they are often smaller than the data point sym-
bol. The PCCO film was measured using a parallel plate
resonator to determine the change in the (finite thick-
ness corrected) effective penetration depth and surface
resistance as a function of temperature [26,27].
In Fig. 1 the measured changes in the low temperature
penetration depth are presented for two PCCO crystals,
an NCCO crystal, and a pair of PCCO films. Several
things are of note regarding this data. First, the low
temperature upturn observed in the NCCO crystal is in-
dicative of the paramagnetic influence on the measured
magnetic screening length [7,18,28]. Since previous ex-
periments [4–6] only went down to about 3.0 K (about
0.12 Tc), too high of a temperature to clearly observe
the upturn, it is apparent that these determinations of
the magnetic screening length temperature dependence
in NCCO could have been corrupted. Secondly, this
paramagnetic upturn is absent in both the PCCO crys-
tals (Hrf ‖c) and the PCCO film (Hrf ⊥c) data. This
demonstrates that paramagnetism does not have a sig-
nificant influence on our measurements of the screening
length in PCCO, as expected.
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FIG. 1. Change in penetration depth, ∆λ(T/Tc), for:
PCCO crystals A (upright triangle) and B (inverted trian-
gle), NCCO crystal (square), ∆λeff (T/Tc) for PCCO films
(diamond), and the BCS s-wave model for λ(0) = 1500 A˚
and 2∆(0)/kBTc = 4.0 (dashed line). Note: ∆λ curves have
been offset for clarity, and PCCO film data is finite thickness
enhanced ∆λeff . The solid lines show BCS s-wave fits of
∆λ(T/Tc) for T/Tc < 0.3. Parameter values for fits are given
in Table I.
It is possible to examine the low energy excitation spec-
trum by carefully analyzing ∆λ(T) at low temperatures,
T< Tc/3, without making any assumptions about the
value of λ(0). For clean line nodes in the gap, a linear be-
havior for ∆λ(T) is expected, whereas a quadratic behav-
ior is expected if these nodes are filled by impurity states
[29,30]. For convenience, we shall refer to these cases
as “clean-” and “dirty-”nodes respectively. In the case
of BCS s-wave symmetry, an activated form of ∆λ(T),
given by ∆λ(T ) = λ(0)(pi∆(0)/2kBT )
1/2e−∆(0)/kBT for
T << Tc/2, is expected [6]. Considering first the possi-
bility of s-wave behavior in PCCO, the data on all sam-
ples in Fig. 1 can be fit to an s-wave activated behavior,
but only with unphysically small ∆(0) and λ(0) values
- see Table I. After measuring many samples, most not
shown here, it was found that those samples which ex-
hibit the lowest surface resistances typically have small
fit gap values, 2∆(0) < 1.9kBTc. In contrast, Alff et
al. [7] found 2∆(0) = 2.9 kBTc from screening length
measurements in PCCO films. Clearly, we must con-
clude that the screening length temperature dependence
of PCCO is not consistent with the clean s-wave behavior
with 2∆(0)/kBTc ≥ 4, found earlier in NCCO [3,5,6].
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TABLE I. Fitting parameters for ∆λ(T) (T≤ Tc/3) for BCS s-wave, clean d-wave, and dirty d-wave models. Tc and ∆Tc
values, estimated from surface resistance data for the crystals, and ac susceptibility for the films, are also shown. The parameter
error estimates are those required to double the value of χ2. Note that the s-wave fits have 4 parameters, while the d-wave fits
have 3 parameters.
BCS s-wave clean d-wave dirty d-wave
Sample Tc ∆Tc λ(0)(A˚) 2∆(0)/kBTc χ
2 c1(A˚/K) χ
2 c2(A˚/K
2) χ2
PCCO crystal A 19.0 1.5 295 1.89 ± 0.06 2.53 8.0 ± 0.7 7.22 1.0 ± 0.1 3.54
PCCO crystal B 19.0 1.7 390 1.37 ± 0.05 16 21 ± 1 19.3 2.7 ± 0.2 14.5
PCCO Film 20.0 0.5 2660 1.62 ± 0.04 230 115 ± 8 1300 15 ± 0.7 225
NCCO crystal 24.0 1.5 - - - - - - -
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FIG. 2. Change in penetration depth vs T/Tc with clean
node fits (solid lines) to ∆λ(T) = c1T + offset. See Fig. 1
for legend. Parameter values for fits are given in Table I.
In Figs. 2 and 3 fits to linear and quadratic tem-
perature dependencies, expected for clean and dirty
nodes respectively, are presented. These fits describe
the data quite well and generate reasonable values for
the temperature dependence prefactors. One expects
clean d-wave nodes to exhibit ∆λ(T) = c1T+b [30]
with c1 = kBλ(0)ln(2)/∆(0) ∼= 28 A˚/K, using λ(0) =
1500 A˚ [31] and 2∆(0)/kBTc = 3.9 [12]. For a dirty
d-wave node, we expect ∆λ(T) = c2T
2+d with c2 ∼=
λ(0)/(Γ1/2∆3/2(0)) ∼ 10 A˚/K2, where Γ is the (unitary
limit) scattering rate, which is proportional to the impu-
rity concentration of the sample [30]. One expects that a
high value for Γ leads to a lower value for Tc due to im-
purity scattering. This was verified in our quadratic fits,
which revealed a general trend towards higher scattering
rates as Tc decreased. The order-of-magnitude value for
c2 is arrived at by scaling the observed value of c2 = 0.7
A˚/K2 from Bi2Sr2CaCu2O8+δ (Bi2212) [32] by the ratio
of the gap values between Bi2212 and PCCO.
For fits to a clean d-wave node behavior, we find the
PCCO crystals have an average value for c1 of 24 A˚/K,
which is close to the theoretical estimated value. How-
ever some of the samples, such as the PCCO films, ex-
hibit a higher power-law temperature dependence (Fig.
2). When fit to the T2 functional form, the PCCO films
gave c2 = 15 A˚/K
2, the expected order of magnitude for
c2, suggesting a dirty d-wave node behavior. Overall,
we find that much of our data is consistent with a dirty
d-wave form, showing c2 values ranging from 1.0 to 15
A˚/K2, although the linear fits are not significantly worse
in some cases. This can be verified by comparison of the
χ2 values for the three fits given in Table I. It should be
noted that our results for ∆λ(T) are in good agreement
with those taken by an LC resonator method on simi-
lar PCCO crystals by Prozorov et al [28]. Both groups
see an upturn in ∆λ(T) at low temperatures in NCCO,
as well as power-law behavior for ∆λ(T) in PCCO, with
quantitative agreement for ∆λ (up to a geometry factor
difference) on a common crystal.
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FIG. 3. Change in penetration depth vs (T/Tc)
2 with dirty
node fits (solid lines) to ∆λ(T) = c2T
2 + offset. See figure
1 for legend. Parameter values for fits are given in Table I.
Although our data generally indicates a power-law be-
havior for the screening length temperature dependence,
making d-wave symmetry a prime candidate, it is pos-
sible that a gapless s-wave symmetry could also be re-
sponsible for a T2 behavior [33]. However, the fact that
∆λ ∼ T for some of the PCCO crystals, with reason-
able prefactors, indicates that d-wave symmetry is the
most likely explanation. After this paper was submit-
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ted, we became aware of phase-sensitive measurements
on NCCO and PCCO thin films which concluded that
these materials have d-wave symmetry [34].
Because distinct multiple transitions are not evident in
our data (see RS(T) in fig. 4), there is not a clear mixed
pairing state symmetry in these materials [29]. How-
ever, the observation of c-axis Josephson supercurrents
between Pb and NCCO [35] suggests that a sub-dominant
s-wave order parameter may exist in the electron-doped
cuprates.
We can also determine the real part of the complex
conductivity, σ1(T), of these crystals from our measure-
ments. Fig. 4 presents σ1(T) for two of the PCCO
crystals, obtained using the local limit expression Zs =
(iωµo/σ)
1/2 and setting XS(T) equal to RS(T) at T=30
K. This data presents some similarities to data on YBCO
[36] [37], and is distinctly different from the BCS coher-
ence peak (calculated with TC = 20 K, ξBCS = 80 A˚,
lMFP = 200 A˚, and ∆(0)/kBTC = 1.76 [38]). Our re-
sults for the electron-doped cuprates are similar to those
on Bi2212 [39] and exhibit behavior similar to YBCO
at temperatures above 0.4Tc. It should be noted that
the PCCO data has not had any residual resistance sub-
tracted. An extrinsic residual resistance will alter the
form of σ1(T), particularly at low temperatures (see the
NCCO data in Fig. 4). Furthermore, the magnitude of
σ1(T) is sensitive to the choice of λ(0). However, we
found the shape of the σ1(T)/σn curves to be insensitive
to the chosen λ(0) value in the range of 1150 A˚ to 4720
A˚. Thus, irregardless of the choice of λ(0) and residual
resistance, the conductivity temperature dependence is
qualitatively similar to YBCO [37] or Bi2212 [39], sug-
gesting that quasiparticle dynamics in the electron-doped
cuprates are similar to those of the hole-doped cuprates.
These similarities continue into the normal state (H >
Hc2) where the conductivity of PCCO thin films is found
to be qualitatively similar to that of La2−xSrxCuO4−δ
[40].
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FIG. 4. Real part of the conductivity, σ1(T ), normalized
to its normal state value σn at 9.6 GHz for: PCCO crystals
B (inverted triangle) and C (circle), an NCCO crystal with
(open square) and without (closed square) a residual resis-
tance (9.6 mΩ) subtracted, and a YBCO crystal (diamond)
[37]. Dashed lines are guides to the eye. Solid line is the BCS
coherence peak. Inset: RS(T) (closed) and XS(T) (open) for
PCCO B at 9.6 GHz over the full temperature range.
In summary, we have re-examined the electrodynamic
properties of the electron-doped cuprate superconduc-
tors. We have chosen a system with less paramagnetism
and made significant improvements in the experiment
compared to prior work. Given the inability to under-
stand the ∆λ(T) data in an s-wave picture, one must
conclude that the screening length data on the electron-
doped cuprate superconductors are not consistent with a
large isotropic gap in the quasiparticle excitation spec-
trum. We have found the temperature dependence of
the penetration depth for the PCCO crystals and films
to behave in a linear or quadratic manner for T/Tc < 0.3.
This is indicative of a node in the superconducting gap
and is consistent with a d-wave pairing state symmetry.
Finally, the real part of the complex conductivity is rem-
iniscent of that observed in YBCO and Bi2212. This
suggests that the quasiparticle dynamics and the super-
fluid response are qualitatively similar in electron-doped
and hole-doped cuprates.
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